Introduction
============

It was estimated that 75% of deaths in patients with burns over 40% body surface area were due to infection.[@b1-ijn-14-289] Every year, about 180,000 people die due to burn wounds in low- to middle-income countries, such as the South-East Asian Region.[@b2-ijn-14-289] Although many therapeutics have been introduced for wound healing with significant advances in wound care and treatment, the incidence and death rates have increased to a large extent due to ensuing microbial infections in patients with burns. Silver sulfadiazine (AgSD), combining sulfadiazine with silver, is widely employed as an antibacterial agent for surface burn management.[@b3-ijn-14-289] AgSD has a broad-spectrum action against both gram-negative and gram-positive bacteria by destroying the cell membrane and inhibiting DNA replication.[@b4-ijn-14-289] However, the application of AgSD is limited due to its poor aqueous solubility.[@b5-ijn-14-289],[@b6-ijn-14-289] Besides, AgSD was reported to be cytotoxic toward keratinocytes and fibroblasts.[@b7-ijn-14-289] The frequent application (usually two to four times daily) was required because of the retarded release of commercial AgSD cream.[@b8-ijn-14-289],[@b9-ijn-14-289] Furthermore, frequent removal of the residual cream leads to patient discomfort and pain. AgSD sometimes slows down the wound-healing process owing to these drawbacks.[@b10-ijn-14-289]--[@b12-ijn-14-289]

Nanotechnology has been proved to be an ideal approach in resolving the poor solubility of drugs in previous studies.[@b13-ijn-14-289],[@b14-ijn-14-289] Nanosuspensions (NSs) usually contain crystals or amorphous substances with the average particle size ranging from 1 to 1,000 nm.[@b15-ijn-14-289]--[@b17-ijn-14-289] The larger surface and surface--volume ratio result in a greater interaction with the solvent, and the solubility increases with the decrease in the particle size of drugs. As a result, preparing AgSD NS seems to be an ideal approach to improve its solubility. Moreover, nanosized AgSD with enhanced solubility has been demonstrated to have better antibacterial effects.[@b18-ijn-14-289] However, the advantages of NSs, including their small size, high reactivity, and great capacity, may become potential lethal factors by inducing toxic effects on cells compared with their micro-sized counterparts.[@b19-ijn-14-289] Thus, a suitable carrier is required for the wide application of AgSD nanosystems.

Thermoresponsive hydrogel is defined as a hydrogel undergoing phase transition from liquid to semisolid gel on exposure to physiological environments.[@b20-ijn-14-289] Thermoresponsive hydrogels possess most of the desirable characteristics to be an "ideal dressing".[@b42-ijn-14-289] Moreover, the unique in situ formation of thermoresponsive hydrogel enables a thorough coverage of wound site regardless of wound size, shape, and depth. Besides, a thermoresponsive hydrogel was easily applied and removed with remarkably improved compliance in patients.[@b21-ijn-14-289],[@b22-ijn-14-289]

Poloxamer 407 (P407), also known as Pluronic F127, has been widely used for the formation of a thermoresponsive hydrogel matrix since 1972.[@b23-ijn-14-289] P407 was demonstrated to possess the property of reverse thermal gelation, which meant that it could remain as a solution at a lower temperature and turn into a gel with the rise in temperature to a low critical solution temperature. In addition, P407 was reported to maintain good tolerability, because it did not induce irritation and sensitivity on the skin, which was proposed to be advantageous in preparing topical, rectal, and ocular formulations.[@b24-ijn-14-289] No study to date combined AgSD NSs with the P407 thermoresponsive hydrogel as a wound dressing.

The objective of this study was to formulate a delivery system of AgSD NSs loaded within the P407 thermosensitive hydrogel. Nanosized AgSD was prepared by high-pressure homogenization. The most suitable thermosensitive hydrogel was screened by the orthogonal design method to adapt to the skin (32°C). Physicochemical characterizations of AgSD/NS with and within a thermosensitive hydrogel were analyzed using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM). Finally, the cytotoxicity and antibacterial activity of AgSD/NS were estimated to ensure its safety and efficacy.

Materials and methods
=====================

Materials
---------

AgSD was purchased from Jinyu Pharmacy Company (Nanyang, People's Republic of China). P407 and poloxamer 188 (P188) were purchased from BASF, Ludwigshafen, Germany. Glycerol (Gly), ethanol, ammonium solution, dimethyl sulfoxide (DMSO), phenol, and phosphoric acid were ordered from Sinopharm Chemical Reagent Co (Beijing, People\'s Republic of China). Lauryl sodium sulfate was procured from VWR International, Radnor, PA, USA. Methyl thiazolyltetrazolium (MTT) was purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Acetonitrile and methanol were obtained from Thermo Fisher Scientific (Waltham, MA, USA) with an HPLC grade. All other reagents were of analytical grade. Purified water used in this study was prepared using a Mille-Q (EMD Millipore, Billerica, MA, USA).

Preparation of AgSD NSs
-----------------------

AgSD/NSs were prepared by the high-pressure homogenization method, and 1.5% P407 (w/v%) solution was prepared as a dispersion solution. Then, 20 g of AgSD coarse powder was added into 180 mL of prepared 1.5% P407 solution. To obtain a uniform system, the mixed solution was pre-milled using Ultra Turrax (T25; IKA, Staufen, Germany) at 10,000 rpm for 10 minutes. The uniform suspensions were then circulated at 200, 400, 600, and 800 bar for two circles, followed by 20 circles at 1,200 and 1,400 bar using AH100D high-pressure homogenizer (ATS Engineering Inc., Shanghai, People's Republic of China) to prepare AgSD NSs.[@b25-ijn-14-289],[@b26-ijn-14-289],[@b13-ijn-14-289] Then, the average particle size (Z-average) and polydispersity indexes (PIs) were detected using Malvern Zetasizer (3000SH; Malvern Instruments, Malvern, UK) to investigate the short-term stability of AgSD NSs. The samples were collected on days 1, 3, 5, 7, 14, 30, 60, and 180 for determining AgSD/NS stability. Day 1 was the day of AgSD/NS production.

Dissolution behavior of AgSD/NS
-------------------------------

The dissolution process of AgSD NSs was tested on a rotary shaker, and 100 mL of synthetic serum electrolyte solution (SSES) at 37°C was prepared as dissolution media.[@b27-ijn-14-289] The sink condition was fulfilled since the saturated solubility was previously determined to be 0.98 mg/mL.[@b28-ijn-14-289] Samples containing an equal amount of AgSD (5 mg) were dispersed into 100 mL of SSES and shaken at 80 rpm. Then, 1 mL of the medium was withdrawn at predetermined intervals and centrifuged at 12,000 rpm for 5 minutes. Further, 1 mL of SSES was supplemented immediately into each sample. The concentration of AgSD was estimated using Agilent 1290 ultra-HPLC (UHPLC). The chromatographic separation of AgSD was performed with an Agilent Zorab SB C18 (3.5 µm particle size, 3.0 × 100 mm) at 30°C. The mobile phase was the mixture of 0.1% phosphoric acid and acetonitrile with a ratio of 94:6. The flow rate was 0.80 mL/min. The dissolution rate of AgSD coarse power suspensions (AgSD/bulk) was also examined under the same conditions.[@b29-ijn-14-289]

Preparation of AgSD/NS-loaded thermosensitive hydrogel
------------------------------------------------------

Gels were prepared on the weight/weight basis using the cold method described by Schmolka.[@b30-ijn-14-289] In brief, various components such as P407, P188, and Gly were weighed in distilled water to get the final mixture comprising 18% P407, 2% P188, and 10% Gly. The solutions were preserved at 4°C for no less than 24 hours to ensure complete dissolution. To prepare an AgSD/NS-loaded hydrogel (AgSD/NS gel), 10 mL of AgSD NS (100 mg/mL) was added slowly into 90 mL of hydrogel solutions, and the mixture was stirred for 10 minutes. The drug was accurately measured using UHPLC to ensure the homogeneity of the mixture.

Physicochemical characterization
--------------------------------

### Gelation temperature measurement

The solution--gel transition temperature (*T*~sol--gel~) of thermo-responsive hydrogel within or outside AgSD/NS was measured using a Brookfield digital viscometer (model DV-III; Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA). This viscometer was equipped with a temperature control unit so that the temperatures of samples were adjusted by circulating the water through the thermostated water jacket.

Briefly, 3 mL of samples were added into a small sample adaptor. A spindle (RV14) were used with a rotation speed of 10 rpm. The gelation temperature (*T*~sol--gel~) was graphically determined to be the inflection point of temperature at which the apparent viscosity (cP) witnessed an abrupt change. The experiment was repeated three times, and the average value was obtained.

### SEM

The surfaces of hydrogels within or outside AgSD were observed using a scanning electron microscope (Hitachi SU8010; Hitachi Ltd., Tokyo, Japan). The free dried hydrogel samples were spurted with a thin layer of gold under vacuum. The microphotographs of different samples were obtained with electron beam under 30 kV energy. The magnification ranged from 20× to 800,000×.

### FTIR spectroscopy

FTIR spectroscopy was applied to identify drug--excipient interactions. The infrared spectrograms of AgSD coarse, dispersion of AgSD NS, copolymer hydrogel, and AgSD-loaded hydrogel were analyzed using FTIR spectroscopy (Nicolet Instrument Corporation, Madison, WI, USA) at the scan range of 450--4,000 cm^−1^ and resolution of 2 cm^−1^. KBr was used to prepare the samples. The spectra were baseline corrected with the Omnic version 8.2 software.

### XRD

A D8 advance X-ray diffractometer (Bruker AXS Inc., Madison, WI, USA) was used to detect the physical state of AgSD in different formulations (Cu Kα radiation, voltage 30 kV). XRD patterns of the AgSD coarse and AgSD/NS were recorded to evaluate the possible effects of high pressure on the physicochemical property of AgSD. Besides, the characteristics of drugs embedded or not embedded into the copolymer were compared. X-ray scanning was employed at diffraction angles of 2θ ranging from 5° to 50° with a rate of 10°/min.

Drug release behavior
---------------------

The AgSD release from different formulations was measured using the dialysis bag method in an SSES. The dialysis bag (molecular weight cutoff \[MWCO\] 8--14 kD; Solarbio Life Science, Beijing, People's Republic of China) was washed thoroughly with deionized water before use to get rid of the preservative. AgSD/NS, AgSD/bulk, AgSD/NS gel, and commercial AgSD/cream were evaluated in the present study. All samples contained 10 mg AgSD were placed into dialysis bags. The bags were tied with threads at both ends and immersed in a beaker with 250 mL of SSES. The system was shaken at 100 rpm in a water bath at 32°C. Then, 1 mL of the medium was withdrawn at predetermined intervals and centrifuged at 12,000 rpm for 5 minutes. Further, 1 mL of SSES was supplemented immediately into each sample. The concentration of AgSD was estimated using UHPLC. The chromatographic separation of AgSD was performed on a C18 column (3.5 µm, 3.0 × 100 mm) at 30°C. The mobile phase was the mixture of 0.1% phosphoric acid and acetonitrile with a ratio of 94:6 (v/v). The flow rate was 0.80 mL/min. The drug release profiles of different formulations were compared with one-way ANOVA.

In vitro cytotoxicity assays
----------------------------

L929 mouse fibroblasts, obtained from Cell Bank of Chinese Academy of Sciences (Beijing, People\'s Republic of China), were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin. The culture was maintained at 37°C in a wet atmosphere containing 5% CO~2~. The MTT assay was used to evaluate the cytotoxicity. Briefly, the samples were sterilized with ultraviolet radiation for 30 minutes. The hydrogel was immersed into RPMI medium at 37°C for 24 hours to acquire extractants. Meanwhile, 100 µL of L929 fibroblast culture medium with a density of 5×10^4^/mL cells was seeded in a 96-well plate and cultivated for 24 hours at 37°C. The prepared extraction medium of different formulations was added after removing the original culture medium, and another 48-hour incubation was needed. RPMI 1640 medium was taken as the negative control. After that, 20 µL of MTT solution (5 mg/mL) was pipetted into each well following another 4-hour incubation at 37°C. Then, 150 µL of DMSO was added to dissolve the formazan crystals after removing the MTT solution. The OD was measured with the microplate reader (Spectra Max 90; Molecular Devices LLC, Sunnyvale, CA, USA) at 490 nm. The average value of six parallel samples was calculated, and the whole test was repeated thrice. The relative cell viability was calculated using [Equation 1](#fd1-ijn-14-289){ref-type="disp-formula"}, in which OD~samples~ is the absorbance value for samples and OD~negative~ is the negative control. $$\text{Relative}\ \text{cell}\ \text{viability}(\%) = \frac{\text{OD}_{\text{samples}}}{\text{OD}_{\text{negative}}} \times 100$$

In vitro antibacterial activity assay
-------------------------------------

### Bacterial strains and cultivation condition

Three bacterial strains used in this study were as follows: *Staphylococcus aureus* (ATCC 25923), which is a gram-positive bacterium; and *Escherichia coli* (ATCC 25922) and *Pseudomonas aeruginosa* (ATCC 27853), which are gram-negative bacteria. The strains were cultivated at 37°C in Luria Bertani (LB) medium or LB agar medium. An isolated colony was picked and inoculated in normal saline for preparing bacterial suspensions of 0.5 McFarland standard. Then, the bacterial suspensions with the concentration of 10^8^ colony-forming unit (CFU)/mL were obtained.

### Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)

MIC and MBC were measured using the doubling dilution method in line with the guidelines of the Clinical and Laboratory Standards Institute to compare the antimicrobial activity of AgSD coarse powders with that of AgSD nanocrystals. First, 100 µL of LB medium was put into each well of the sterile 96-well microtiter plates. Both AgSD/bulk and AgSD/NS were diluted to 512 µg/mL using LB medium. Diluted solutions of AgSD/bulk and AgSD/NS were added separately to the setting well, which was followed by serial twofold dilutions. Then, 100 µL of prepared bacterial dispersions with concentration of 10^5^ CFU/mL was pipetted into each well, except for the sterility control wells. Finally, the MIC value was evaluated visually by comparing the culture turbidity.

Next, 5 µL of culture medium from the dilutions that showed no visible bacterial growth was picked up to evaluate the MBC of the tested AgSD formulations. The selected incubation medium and two more concentrated dilutions were painted on sterile LB agar medium and incubated for 24 hours at 37°C. After that, the bacterial colonies were counted. The MBC was determined as the lowest concentration at which fewer than five colonies were detected on LB nutrient agar after incubation.

### Inhibition zone

The inhibition zone of AgSD/bulk, AgSD/NS, and AgSD/NS-loaded hydrogels against *S. aureus*, *E. coli*, and *P. aeruginosa* was determined for comparing their bactericidal activities. Then, 100 µL of the bacterial suspension (10^8^ CFU/mL) was spread on LB nutrient agar to prepare a confluent ground for bacterial growth. The wells with a diameter of 5 mm were acquired in the agar plates, and 50 µL of different samples were added into these pores. The penicillin and streptomycin solutions were treated as the positive control, and blank hydrogels served as the negative control. The plates were incubated overnight at 37°C, and the diameters of the inhibition zone (mm) were surveyed using a vernier caliper after deducting the original diameter of the well (5 mm) from the total inhibition zone diameter.

Statistical analyses
--------------------

Data were expressed as mean ± SD. The differences between experimental groups were compared with one-way ANOVA using the SPSS software (version 21.0; IBM Corporation, Armonk, NY, USA). A *P*-value of \<0.05 (95% level) was considered statistically significant.

Results and discussion
======================

Preparation and dissolution evaluation of AgSD NSs
--------------------------------------------------

Poloxamer has been extensively used as a nonionic stabilizer for producing NSs because of its low toxicity.[@b13-ijn-14-289],[@b31-ijn-14-289]--[@b33-ijn-14-289] It has been applied in several pharmaceutical formulations, such as chemical medicines and polypeptide drugs.[@b20-ijn-14-289]

The average particle size and PI were monitored for 6 months to confirm the stability of AgSD/NS stabilized with 1.5% P407. [Figure 1](#f1-ijn-14-289){ref-type="fig"} clearly shows that AgSD/NS exhibited no dramatic change in the particle size even after 6-month storage at 4°C. The average particle size varied from 194.6 to 270.2 nm during this period. No significant increase in particle size was detected. PI usually indicates the stability of NSs, and a lower PI value normally means better long-term stability. According to Singh et al,[@b34-ijn-14-289] a PI value of \>0.5 denotes a wide range of particle size distribution, whereas a PI value of 0.1--0.25 signifies its narrow range. The PI of AgSD/NS fluctuated between 0.18 and 0.28 during 6-month storage, which represented an even distribution. The result indicated that 1.5% P407 was able to stabilize AgSD/NS at least in 6 months. P407, as a nonionic surfactant, was commonly used in topical formulations because it was less irritating compared with ionic surfactants. In addition, a suitable drug-to-working polymer ratio (steric stabilizer) was 20:1 to 2:1.[@b35-ijn-14-289] As a result, the ratio of 20:3 between AgSD and P407 was selected in this study to prepare stable AgSD/NS. The possible mechanism of action of P407 as a stabilizer in this study was that the nanocrystals were stabilized by the surface adsorption of P407. In other words, the absorbance of P407 onto the surfaces of AgSD nanocrystals provided a steric stabilization effect. Moreover, the viscosity of P407 might also contribute to the stability of AgSD NSs.

[Figure 2](#f2-ijn-14-289){ref-type="fig"} shows that AgSD/NS witnessed a significant increase in the drug dissolution rate compared with the AgSD coarse powder. The dissolution of AgSD/NS was so fast that 77.9% AgSD was immediately dissolved in 3 minutes. Moreover, almost all drugs dissolved in SSES within 10 minutes. In contrast, no more than 20% of AgSD dissolved in AgSD/bulk suspensions even after 12 hours. The result indicated that converting the AgSD coarse powder into AgSD nanoparticles could significantly increase its dissolution rate, further improving its bioavailability.[@b36-ijn-14-289]

Physicochemical characteristics of AgSD/NS gel
----------------------------------------------

Next, 1% AgSD/NSs were added into the blank gel to prepare AgSD/NS-loaded hydrogel. The mixture displayed ideal homogeneity with an average concentration of 9.4 mg/mL. A similar result was obtained after 1-month storage.

### Gelation temperature measurement

Gelation temperature is the key parameter in forming an in situ thermosensitive gel. *T*~sol--gel~ is the temperature at which the liquid phase undergoes the transition from a solution to a gel. [Figure 3](#f3-ijn-14-289){ref-type="fig"} shows the typical viscosity vs temperature curves for both the blank gel and AgSD/NS gel formulations.

The average *T*~sol--gel~ values of the two formulations are summarized in [Table 1](#t1-ijn-14-289){ref-type="table"}. It is clearly seen that AgSD/NS apparently increased the transition temperature of blank gel. The difference might be explained by one of the proposed mechanisms for the packaging of micelles and micelle entanglements.[@b37-ijn-14-289] The addition of AgSD/NS might interfere with the P407 micellization process and alter the dehydration of hydrophobic poly(propylene oxide) (PPO) blocks.[@b38-ijn-14-289],[@b39-ijn-14-289] If the *T*~sol--gel~ of hydrogel is lower than 25°C, gelation occurs at a room temperature, leading to difficulty in administration on the wound. Meanwhile, if the *T*~sol--gel~ is higher than 32°C, the mixtures still maintain in a liquid form at physiological temperature, leading to drug leakage.[@b40-ijn-14-289] This means that the suitable limit of *T*~sol--gel~ for surgical dressing is from 25°C to 32°C. The AgSD/NS gel with an average *T*~sol--gel~ of 29.8°C is likely to spread easily at ambient temperature but gel quickly when in contact with skin (32°C).

### SEM

[Figure 4A and B](#f4-ijn-14-289){ref-type="fig"} shows that AgSD coarse powders were minimized into nanoscales in the presence of the stabilizers. The particle size of AgSD ranged from 200 to 500 nm, which was in accordance with the result of Zetasizer.

Furthermore, [Figure 4](#f4-ijn-14-289){ref-type="fig"} shows the SEM photographs of blank gel ([Figure 4C and D](#f4-ijn-14-289){ref-type="fig"}) and AgSD/NS gel ([Figure 4E and F](#f4-ijn-14-289){ref-type="fig"}). Both micrographs show that the pores were well interconnected throughout the scaffold matrix like a honeycomb. Interestingly, the blank gel exhibited clean and smooth cross-linked walls, while the drug-loaded hydrogel formed a rough framework. Moreover, the AgSD/NS gel seemed to have a larger cross-linking intensity compared with the blank gel. It might indicate that the AgSD NSs were mostly wrapped in the hydrogel. The packaging of AgSD/NS might have occurred in the process of entanglement and aggregation of poloxamer.[@b41-ijn-14-289] Besides, the hydrogel containing AgSD/NS still exhibited evenly cross-linked walls, indicating a uniform drug distribution.

### FTIR

FTIR spectrophotometry was used to identify functional groups. The possible interactions between AgSD and the polymeric matrix of hydrogel were clarified using FTIR. [Figure 5](#f5-ijn-14-289){ref-type="fig"} shows the infrared spectra of AgSD coarse powders (AgSD/bulk) and AgSD/NS. The major characteristic absorption peaks of AgSD in the FTIR spectrum could be identified on the spectra of AgSD/bulk and AgSD/NS at 3,390, 3,340, 1,654, 1,599, 1,560, 1,500, 1,420, 1,233, 1,128, and 1,077 cm^−1^, although the peaks of AgSD/NS were of lesser intensity compared with those of AgSD/bulk. It was concluded that the homogenization process had no influence on the chemical properties of AgSD.

In addition, the blank gel and AgSD-loaded hydrogel (AgSD/NS gel) were compared to identify the possible influence of poloxamer on AgSD. Several characteristic peaks of AgSD at 1,599 cm^−1^ were observed, which might ascribe to the packaging of poloxamer. The FTIR for blank poloxamer hydrogel showed characteristic peaks at 2,877 and 3,379 cm^−1^, which were due to the stretching vibration of −CO and −OH. After incorporating AgSD/NS, these characteristic peaks of poloxamer were reserved, which were indicative of no chemical reaction between AgSD and poloxamer. These results demonstrated that the chemical characteristics of the AgSD were preserved during the formation of hydrogel.

These results confirmed that AgSD did not participate in the chemical interaction with the components of the thermosensitive hydrogel, but only loaded uniformly on the hydrogel. The structural integrity of AgSD carried by the poloxamer hydrogel also represented the preservation of antibacterial activity.

### XRD

The structural composition and crystalline state of materials were determined by the XRD method. Peaks with high intensity and narrow base width were related to crystalline materials, whereas wide base peaks were related to amorphous substances.[@b42-ijn-14-289]

[Figure 6](#f6-ijn-14-289){ref-type="fig"} displays the XRD patterns of AgSD/bulk, AgSD/NS, and blank hydrogel in the range of 2θ 5°--50°. AgSD/NS prepared by high-pressure homogenization showed diffraction peaks with less intensity in the same range, representing a reduction in the crystalline form to the amorphous form. The results of X-ray scattering indicated that the incorporation of AgSD into the poloxamer hydrogel could significantly weaken its crystalline state.

Evaluation of the drug release properties
-----------------------------------------

Diffusion through a dialysis membrane is a classic technique to evaluate the release from colloidal dispersions and topical formulations.[@b43-ijn-14-289],[@b44-ijn-14-289] The AgSD cream (1.0%) was prepared to compare the release properties of 1.0% AgSD/NS gel with those of the commercial formulation. [Figure 7](#f7-ijn-14-289){ref-type="fig"} illustrates the corresponding drug release behaviors of AgSD/NS, AgSD/bulk, AgSD/NS-loaded gel, and commercial AgSD cream. Both AgSD/bulk and AgSD cream exhibited a lower accumulated drug release percentage after 24 hours (36.7% and 48.6%, respectively) because of the lower dissolution rate of AgSD coarse powder. Besides, the incorporation into the poloxamer gel could dramatically decrease the AgSD release compared with AgSD NSs alone. The drug release from AgSD NSs was found to be 92.0% after 10 minutes. However, only 17.2% AgSD was released from the AgSD/NS gel after 10 minutes. Further, 48.2% AgSD was released from the AgSD/NS hydrogel at a constant rate in the first hour and more than 82.4% AgSD was released in 12 hours. The drug release behaviors of AgSD/NS and AgSD/NS gel exhibited a significant difference (*P*\<0.01). This result was in accordance with the microstructure of AgSD/NS gel under SEM. The AgSD might be packaged into a poloxamer gel because of the entanglement of polypropylene monomer of P407 with the increase in temperature.[@b45-ijn-14-289],[@b46-ijn-14-289] Lamberti et al[@b47-ijn-14-289] explained that nanoparticles were more efficiently taken up by cells compared with larger micromolecules. Hence, the decreased drug release rate from the hydrogel might contribute to the increased cell viability compared with AgSD NS alone.

Different from the AgSD/NS gel, AgSD was released rather slowly from the marketed AgSD cream. At the end of the study (24 hours), AgSD released from AgSD cream and AgSD/NS gel was 48.6% and 77.7%, respectively. A significant difference (*P*\<0.01) was observed in the drug release profiles of AgSD/NS gel and AgSD cream. This improvement in the drug release behavior of AgSD/NS gel might be explained by the decrease in drug particles and an improvement in the hydrophilic performance of drug carrier.[@b26-ijn-14-289] The release mechanism was described as a combination of gel erosion and drug diffusion.[@b42-ijn-14-289] The rapid hydration of the poloxamer and Gly resulted in a significant drug release. The gradual erosion of hydrogel offered a continuous release of AgSD in 24 hours. The faster drug release of AgSD from the AgSD/NS gel might lead to an improved antimicrobial activity compared with the commercial AgSD cream.

[Figure 7](#f7-ijn-14-289){ref-type="fig"} shows that combining AgSD/NS with the poloxamer thermoresponsive hydrogel could significantly decrease drug release from NSs. Besides, the AgSD/NS-loaded thermosensitive hydrogel might display a higher antibacterial activity compared with the commercial AgSD cream because of the quick and constant drug release profile.

In vitro cytotoxicity assays
----------------------------

The relative cell viability (%) of L929 fibroblast cells after 48-hour incubation is shown in [Figure 8](#f8-ijn-14-289){ref-type="fig"}. All formulations with AgSD were at the same concentration of 1% (w/w). Nanosized AgSD exhibited less cell viability compared with AgSD micro-sized bulk particles. It might contribute to the increased interaction between nanoparticles and L929 fibroblasts because of the larger surface area and higher dissolution of AgSD nanoparticles.[@b29-ijn-14-289] However, the inhibitory effects of AgSD nanoparticles significantly reduced after combination with the thermosensitive hydrogel; the relative cell viability increased from 60.7% to 90.5%. It implied that the release of AgSD nanoparticles was restricted by the poloxamer cross-linked network. This outcome was in accordance with the morphological results of SEM. Hence, the incorporation into the hydrogel decreased the possible cytotoxicity of AgSD. The blank gel proclaimed higher cell viability with zero-degree cell cytotoxicity. A similar result was reported by Schmolka,[@b23-ijn-14-289] who concluded that the use of poloxamer was not hazardous in medical application. Interestingly, the commercial AgSD cream expressed lower cell viability compared with AgSD bulk powders with the same AgSD concentration. The increased cytotoxicity of AgSD cream might ascribe to the effect of surfactants existing in the cream.[@b48-ijn-14-289] The cytotoxicity results of AgSD/NS gel and AgSD/NS suggested that the cytotoxicity of AgSD/NS easily decreased by incorporation into the hydrogel. Meanwhile, the poloxamer exhibited fine biocompatibility, which was expected to be vital in the fine-tuning of delivery system characteristics.

In vitro antibacterial activity assay
-------------------------------------

MIC is defined as the lowest concentration that inhibits the growth of bacteria, while MBC represents the lowest concentration with no bacterial growth after incubation. [Table 2](#t2-ijn-14-289){ref-type="table"} summarizes the MIC and MBC values of AgSD with different particle sizes against both gram-negative bacteria (*P. aeruginosa* and *E. coli*) and gram-positive bacteria (*S. aureus*). The table indicates that AgSD/NS significantly increased the antibacterial activity compared with AgSD/bulk. The MIC of AgSD/bulk was twice as high as that of AgSD/NS for all the three kinds of bacteria. The MBC of AgSD/bulk doubled that of AgSD/NS against *S. aureus*. However, the MBC of AgSD/bulk against gram-negative bacteria was four times as high as that of AgSD/NS. The antibacterial effect of silver nanoparticles was attributed to their small size and high surface-to-volume ratio, which enabled their close interaction with microbial membranes. Every coin has two sides. Although the cytotoxicity of AgSD increased because of nanosize, the antibacterial activity increased.

The zone of inhibition value was measured further to better compare the bactericidal effect of AgSD/NS with that of coarse powders. [Table 3](#t3-ijn-14-289){ref-type="table"} clearly reveals that the bactericidal effect of nanosized AgSD significantly increased compared with that of AgSD/bulk against all three selected bacteria (*P*\<0.05). Besides, the incorporation of AgSD/NS into the poloxamer hydrogel could partially decrease the bactericidal effect of AgSD/NS against *S. aureus* and *E. coli*. Interestingly, the hydrogel only slightly changed the antibacterial activity of AgSD/NS against *P. aeruginosa*. Since the inhibition zone of AgSD NSs was larger than that of AgSD/Bulk, it was inferred that the superior antibacterial activity of AgSD/NS was probably due to the close interaction of nanosized silver with bacteria.

Conclusion
==========

A new AgSD NS-loaded thermosensitive hydrogel with distinctive advantages over the commercially available AgSD cream was formulated in the present study.

In this study, stable AgSD NSs were formulated using the high-pressure homogenization technique, while 1.5% P407 was added as a stabilizer. AgSD/NS was found to be stable after 6-month storage. Besides, the drug dissolution from nanosized AgSD significantly increased compared with that from AgSD coarse powders, indicating enhanced saturation solubility and antibacterial activity. Further, 18% P407 was selected as the optimized thermoresponsive hydro-gel sediment with 2% P188 to control gelation temperature and 10% Gly to retain moisture. The optimized AgSD/NS thermoresponsive hydrogel exhibited the gelation temperature of approximately 30°C. The hydrogel with *T*~sol--gel~ of 30°C was perfect for topical application on skin, because it could spread easily at ambient temperature but gel quickly when in contact with skin (32°C). The SEM photograph of AgSD/NS gel clearly revealed the scaffold matrix like a honeycomb with AgSD packaged in it. Besides, the results of XRD and FTIR demonstrated that the physicochemical properties of AgSD were reserved after incorporation into the hydrogel. The results of MTT assay showed that the poloxamer hydrogel could effectively decrease the possible cytotoxicity of nanosized AgSD. More importantly, the AgSD/NS gel exhibited an improved antibacterial activity against common pathogens invading burn wounds. In conclusion, nanosized AgSD could significantly improve the bactericidal effect while the use of in situ gelling vehicles of P407 could effectively and safely decrease the cytotoxicity of AgSD/NS. Further in vivo experiments should be conducted in the future to better compare the antibacterial activity of AgSD/NS gel prepared in this study with that of commercial products. It is a challenge to design drug carriers that maximize antimicrobial activity and minimize cellular toxicity. This poloxamer thermoresponsive hydrogel delivery system together with nanotechnology might be an ideal choice for other poor soluble drugs for burn wound therapy.
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![Average particle size and PI of AgSD NSs with 1.5% P407 as the stabilizer during 180-day storage.\
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![Dissolution rate of AgSD/NS and AgSD/bulk in an SSES.\
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![Effect of temperature on the viscosity of AgSD/NS gel and blank gel.\
**Abbreviations:** AgSD, silver sulfadiazine; NS, nanosuspension.](ijn-14-289Fig3){#f3-ijn-14-289}

![SEM photographs of formulations at different magnifications: AgSD/NS (**A**, 35,000×; **B**, 90,000×), blank gel (**C**, 3,000×; **D**, 10,000×), and AgSD/NS gel (**E**, 7,000×; **F**, 13,000×).\
**Abbreviations:** AgSD, silver sulfadiazine; NS, nanosuspension; SEM, scanning electron microscopy.](ijn-14-289Fig4){#f4-ijn-14-289}

![FTIR spectra of AgSD/NS, AgSD bulk, blank gel, and AgSD/NS gel.\
**Abbreviations:** AgSD, silver sulfadiazine; FTIR, Fourier transform infrared; NS, nanosuspension.](ijn-14-289Fig5){#f5-ijn-14-289}

![X-ray diffractograms of samples of AgSD bulk (AgSD/bulk), AgSD/NS, and AgSD-loaded thermoresponsive hydrogel (AgSD/NS gel).\
**Abbreviations:** AgSD, silver sulfadiazine; NS, nanosuspension.](ijn-14-289Fig6){#f6-ijn-14-289}

![In vitro release of AgSD from AgSD/NS gel, commercial AgSD cream, AgSD bulk, and AgSD NS solution.\
**Abbreviations:** AgSD, silver sulfadiazine; NS, nanosuspension.](ijn-14-289Fig7){#f7-ijn-14-289}

![Relative cell viability (%) exposed to different formulations.\
**Notes:** ^\#^Significantly different from the AgSD/NS gel, *P*\<0.05. \*Significantly different from AgSD/bulk, *P*\<0.05. ^+^Significantly different from AgSD/NS, *P*\<0.05.\
**Abbreviations:** AgSD, silver sulfadiazine; NS, nanosuspension.](ijn-14-289Fig8){#f8-ijn-14-289}

###### 

Average *T*~sol--gel~ of blank gel and AgSD/NS gel

  No.                 *T*~sol--gel~ (°C)   
  ------------------- -------------------- ----------
                                           
  1                   29.4                 25.1
  2                   30.1                 25.1
  3                   29.8                 25.4
  Mean ± SD           29.8±0.4             25.2±0.2
                                           
  *P*-value           \<0.01               
                                           
  *P*-value summary   Significant          

**Abbreviations:** AgSD, silver sulfadiazine; NS, nanosuspension.

###### 

MIC and MBC of AgSD against *S. aureus*, *E. coli*, and *P. aeruginosa* determined using doubling dilution

  Formulation   Concentration (μg/mL)                       
  ------------- ----------------------- ---- ---- ---- ---- ----
                                                            
  AgSD/NS       16                      32   16   16   8    8
  AgSD/bulk     32                      64   32   64   16   32

**Abbreviations:** AgSD, silver sulfadiazine; *E. coli*, *Escherichia coli*; MBC, minimum bactericidal concentration; MIC, minimum inhibitory concentration; NS, nanosuspension; *P. aeruginosa*, *Pseudomonas aeruginosa*; *S. aureus*, *Staphylococcus aureus*.

###### 

Zone of inhibition values of AgSD in NS and hydrogel

  Formulation   Inhibition zone (mm)                     
  ------------- ---------------------- ----------------- -----------------------------------------------------
                                                         
  AgSD/bulk     2.87±0.2               3.6±0.5           5.1±0.9
  AgSD/NS       6.07±0.3^\*,\#^        9.33±0.7^\*,\#^   10.7±3.1[\*](#tfn3-ijn-14-289){ref-type="table-fn"}
  AgSD/NS gel   4.43±0.6^\*,+^         6.8±0.2^\*,+^     8.07±1.8[\*](#tfn3-ijn-14-289){ref-type="table-fn"}

**Note:**

*P*\<0.05, vs AgSD/bulk,

*P*\<0.05, vs AgSD/NS,

*P*\<0.05, vs AgSD/NS gel.

**Abbreviations:** AgSD, silver sulfadiazine; *E. coli*, *Escherichia coli*; NS, nanosuspension; P. aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus.
